A radio frequency ͑rf͒ inductively coupled plasma apparatus has been developed to simulate the atomic oxygen environment encountered in low Earth orbit ͑LEO͒. Basing on the novel design, the apparatus can achieve stable, long lasting operation, pure and high density oxygen plasma beam. Furthermore, the effective atomic oxygen flux can be regulated. The equivalent effective atomic oxygen flux may reach ͑2.289-2.984͒ ϫ 10 16 at./ cm 2 s at an oxygen pressure of 1.5 Pa and rf power of 400 W. The equivalent atomic oxygen flux is about 100 times than that in the LEO environment. The mass loss measured from the polyimide sample changes linearly with the exposure time, while the density of the eroded holes becomes smaller. The erosion mechanism of the polymeric materials by atomic oxygen is complex and involves initial reactions at the gas-surface interface as well as steady-state material removal.
I. INTRODUCTION
In the low Earth orbit ͑LEO͒ environment, atomic oxygen is highly reactive and erodes many materials commonly used in spacecrafts. This may degrade the performance of spacecraft components leading to service failure.
1 Some polymeric materials such as those used in thermal control blankets, solar arrays, and lightweight composite structures are particularly susceptible to atomic oxygen. 2 Space missions for long durations, such as the International Space Station, are also vulnerable. Therefore, the effects of atomic oxygen erosion need to be considered by spacecraft designers and manufacturers. In order to evaluate the effects of atomic oxygen, three different techniques, in-flight experiments, accelerated ground simulation experiments, and computer simulation, have been employed. 3 In-flight experiments offer accurate and reliable information about the degradation of material properties in space. 4 The effects of atomic oxygen on the materials have been studied in early rocket and spacecraft missions. However, the enormous budget required for such measurements makes them infrequent. 1 Hence, Monte Carlo models have been used to predict the erosion of composites. 5 However, such numerical simulation protocols rely on results obtained from in-flight experiment. 6 In contrast, accelerated ground simulation experiments offer the advantage of unlimited number of testing materials as well as much reduced costs and time. 4 A robust laboratory source to produce atomic oxygen is required for this method. 7 Oxygen plasma which has been widely used to simulate the effects of atomic oxygen in LEO has been generated by a 40 kHz parallel-plate capacitive apparatus, 8 150 MHz veryhigh-frequency power source, 9 hot cathode filament discharge, 10 cold cathode ion source, 11 rf plasma source, 4, 12 and so on. Low-pressure inductively coupled plasmas ͑ICP͒ have been reported to posses advantages such as relatively high plasma density, [13] [14] [15] and so ICP sources are attractive. Furthermore, from the perspective of the atomic oxygen flux in LEO, such a simulation apparatus can offer the suitable accelerated simulation tests. 4 In this work, a ground-based apparatus based on the ICP source is constructed to simulate the atomic oxygen environment in LEO. The effects of atomic oxygen on the polyimide film are investigated to corroborate the effectiveness of the equipment. Contrasted to other plasma ground-based apparatuses, owing to the novel design, the apparatus has some advantages as follows: stable, long lasting operation, and the pure oxygen plasma beam are achieved; mass losses induced only by atomic oxygen are received; a higher pressure is achieved at the discharge region, generating a high density oxygen plasma; and the effective atomic oxygen flux can be regulated with large scale. Figure 1 depicts the schematic configuration of the oxygen plasma apparatus used to simulate the atomic oxygen environment. The system is composed of a gas supply, a͒ Author to whom correspondence should be addressed. Tel.: 86-451-86418784. Electronic mail: xiubotian@163.com 13 .56 MHz rf power supply ͑1000 W͒, and pumping system. Oxygen gas ͑99.99%͒ is introduced through the orifice of the quartz tube. The rate of the oxygen introduction into the vacuum chamber is controlled by a flow controller. An inductively coupled rf glow discharge source is utilized to produce the oxygen plasma. The rf-ICP apparatus consists of a quartz cylinder and copper coils around it. Recycling water is used to cool the system. The forward and reflected rf powers are measured using a bidirectional rf wattmeter inserted in the circuit. The impedance matching is achieved by a tuning system. Using this arrangement, it is possible to generate a stable discharge in a wide range of gas pressures and rf power levels. The plasma reactor has a nozzle consisting of a 20 mm diameter aperture at the tip of the quartz tube and a 50 mm diameter skimmer. A higher pressure is achieved at the discharge region to generate a high density oxygen plasma. The nozzle is employed to compress the plasma into an oxygen beam. The samples are located 45 mm away from the outlet of the reactor in the afterglow region with a mixture of atomic, ionic, and molecular oxygen. A selected surface ͑35 mm in diameter͒ on one side of the polyimide is exposed during the experiments. The other part of the samples is covered with a clip ring and wrapped by an aluminum foil. During the exposure, the temperature of the sample holder is monitored by a thermometer in situ.
II. EXPERIMENTAL SETUP
The morphology of the samples before and after exposure to atomic oxygen was examined by scanning electron microscopy ͑SEM͒. Time-dependent mass losses from the polymer sample after erosion were measured using an electronic microbalance with a precision of 10 −4 g. The polyimide kapton was used to calibrate the effective flux of atomic oxygen assuming a constant erosion yield of 3.0 ϫ 10 −24 cm 3 / at. Figure 2 displays the time-dependent mass losses from the exposed samples. The mass loss from the polyimide is nearly linear with exposure time. According to the following equation used to calculate the effective atomic oxygen flux f k :
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where ⌬M k is the mass change ͑g͒, A k is the exposed area of ͑cm 2 ͒, k is the density ͑g/cm 3 ͒, E k is the erosion yield of the materials in space ͑cm 3 / at.͒, and t is the exposure time ͑s͒. The mass loss is consistent with the typical equation predicted for the atomic oxygen flux. To eliminate the effects of outgassing, the control sample is located on the back side of exposing sample. The mass loss induced by atomic oxygen is calculated according to the mass loss difference measured from the samples before and after exposure and the mass loss from the control sample without exposure.
Polyimide is used as the target material to calculate the equivalent atomic oxygen fluences based on mass losses assuming an erosion yield of 3 ϫ 10 −24 cm 3 / at. 16 The "polyimide equivalent fluence" has been widely recognized to be the simplest form to evaluate the erosion rate of other materials. [17] [18] [19] During exposure, a constant rf input power P rf of 400 W and oxygen pressure of 1.5 Pa are used. The effective atomic oxygen flux impacting the specimen 45 mm away from the orifice is determined to be ͑2.289-2.984͒ ϫ 10 16 at./ cm 2 s according to Eq. ͑1͒, as shown in Fig. 3 . And the exposing temperature is about 50°C which is much lower than the softening and glass-transition temperatures of the polyimide. 20 Based on the nominal atomic oxygen flux in LEO ͑ϳ3 ϫ 10 14 at./ cm 2 s at an altitude of 250 km͒, this apparatus constitutes an adequate accelerated simulation tool. 4 The variation in the equivalent atomic oxygen flux may be due to the variation in the gas pressure or rf power in longtime experiments ͑e.g., 15 h͒, and so a feedback mechanism will need to be incorporated in future equipment design.
The surface morphologies of the unexposed and exposed specimens observed by SEM are exhibited in Fig. 4 . The surface of the polyimide sample only shows a small change after low fluence exposure ͑e.g., 60 min, 1.025 ϫ 10 20 at. cm −2 ͒. With increasing fluences, the surface is significantly different and shows a rough morphology with larger eroded holes. The density of the eroded holes which is the number observed from a 5 ϫ 5 m 2 area diminishes sharply with longer exposure time, as shown in Fig. 5 . The dimension of the holes becomes larger. That is to say, some of holes aggregate. When atomic oxygen reacts with organic materials, volatile fragments such as short-chain oxidized products may leave the surface. Radical sites generated on the hydrocarbon backbone are more susceptible to further reactions with incoming oxygen and other species present in the exposure environment. Finally, volatile carboncontaining products volatilize. 21 During the simulated atomic oxygen exposure tests, CO and CO 2 gases are detected by mass spectrometry. 22 It is speculated that these gases are released from the surface via imide ring decomposition. 23 Generally, material damage first occurs on the top surface, thus affecting its morphology and then propagates to the bulk. Oxygen atoms sticking to the polyimide surface can diffuse into the polymer to more than 5 nm before reacting with polymer molecules. 24 Inelastic scattering, by which only a fraction of the initial translation energy is lost to the surface, is the most probable nonreactive interaction. 21 The most probable initial reaction is gas-phase-like hydrogen-atom abstraction to form OH. The formed OH may undergo further collisions with the surface and some becomes H 2 O. 21 Thus, volatile products will carry masses away from the surface. 21 The mechanism of mass loss from polyimide due to atomic oxygen is considered to be due to the disappearance of aromaticity. 23 The surface roughness is a result of competing flattening and roughening mechanisms. 25 The erosion mechanisms of polymeric materials by atomic oxygen are complex and involve initial reactions at the gas-surface interface as well as steady-state material removal.
21 Figure 6 shows a typical SEM micrograph of a polyimide surface after 15 h exposure, corresponding to an equivalent atomic oxygen fluence of up to 1.58ϫ 10 21 at. cm −2 . The eroded polyimide exhibits the "carpet" morphology commonly observed after atomic oxygen erosion. 26, 27 The erosion holes show an initiation center and have a size of about 10 m. This may be due to that the trapped atomic oxygen reacts more readily with the weaker polymer bonds. 24, 26 The chemisorbed atomic oxygen diffuses into the polymer and reacts with other elements such as carbon, nitrogen, and hydrogen to form gases or blisters, 28 resulting in the formation of these features.
The rf-ICP apparatus is constructed to generate lowenergy oxygen plasma beams to simulate the atomic oxygen environment encountered in LEO. Owing to the novel design, the apparatus has some advantages as follows. Using an isolated inductive coil from reactive oxidation ambient by a quartz tube, reliable and long lasting operation is achieved, and the pure oxygen plasma beam without contamination of sputtering is attained. The control sample is located on the back side of exposing sample, so the effects of outgassing can be eliminated, and the mass loses induced only by atomic oxygen were received. The nozzle with a skimmer is employed to supply mechanical compression, and a higher pressure is achieved at the discharge region, generating a high density oxygen plasma. Moreover, due to the isolated exposing zone from discharge vessel, the effective atomic oxygen flux can be adjusted by means of the rf power, oxygen pressure, and axial direction distance from the nozzle of the discharge vessel.
IV. CONCLUSION
A low-energy oxygen plasma is produced using a rf-ICP apparatus to simulate atomic oxygen conditions in LEO. Stable, long lasting operation and pure oxygen plasma are achieved on the rf-ICP plasma source using an isolated inductive coil. The equivalent effective atomic oxygen flux reaches a magnitude of 10 16 at./ cm 2 s 45 mm away from the plasma nozzle with an oxygen pressure of 1.5 Pa and rf power of 400 W. The system can provide accelerated tests with atomic oxygen fluxes are 100 times higher than that in LEO environment. The effective atomic oxygen flux can be regulated by means of the rf power, oxygen pressure, and axial direction distance from the nozzle of the reaction vessel. The polyimide mass loss increases linearly with exposure to atomic oxygen, and the density of eroded holes is reduced. The apparatus may also find applications in plasmaassisted film deposition and ion implantation.
